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Presented dissertation thesis is focused on the development of electrochemical 
methods for the determination of three important tumour biomarkers, namely 
homovanillic acid (HVA), vanillylmandelic acid (VMA), and 5-hydroxyindole-3-acetic 
acid (5-HIAA). 
First part of the study is focused on electrochemical behaviour of these analytes 
in batch arrangement using differential pulse voltammetry (DPV) at screen-printed 
carbon electrodes (SPCEs). It has been proved that presented method is sufficiently 
sensitive for monitoring above mentioned analytes. Moreover, it can be used  
for determination of HVA and VMA in mixture. Obtained limits of detection (LODs) 
were 0.24 µmol·L
–1
 for HVA, 0.06 µmol·L
–1
 for VMA, and 0.12 µmol·L
–1
 for 5-HIAA. 
The requirements to speed up the analysis and at the same time to reduce its 
price initialized our study of the determination of tested biomarkers in flow systems. 
Firstly, flow injection analysis with amperometric detection was investigated for the 
determination of all three biomarkers at the same SPCE, and then an analogous 
determination of structural more similar pair, HVA and VMA, was performed  
at a boron doped diamond electrode (BDDE). Obtained LODs of optimized methods 
were as follows: at SPCE 0.07 µmol·L
–1
 for HVA, 0.05 µmol·L
–1
 for VMA, 
 and 0.03 µmol·L
–1
 for 5-HIAA, respectively; at BDDE 0.44 µmol·L
–1
 for HVA  
and 0.34 µmol·L
–1
 for VMA, respectively.  
Furthermore, the determination of monitored biomarkers in human urine by 
HPLC with amperometric detection at a glassy carbon electrode was studied. After its 
optimization and the development of a simple urine samples pre-treatment procedure,  
a rapid determination of all three analytes in one chromatographic run of the urine 
sample was successfully performed with LODs 11.0 µmol·L
–1
 for HVA, 5.0 µmol·L
–1
 
for VMA, and 8.3 µmol·L
–1






Předložená disertační práce je zaměřena na vývoj elektrochemických metod 
stanovení biomarkerů nádorových onemocnění: homovanilové (HVA), 
vanilmandlové (VMA) a 5-hydroxy-3-indoloctové (5-HIAA) kyseliny.  
V první části práce bylo zkoumáno elektrochemické chování těchto analytů 
ve vsádkovém uspořádání pomocí diferenční pulsní voltametrie (DPV)   
na sítotiskových uhlíkových elektrodách (SPCEs). Bylo prokázáno, že toto stanovení 
je dostatečně citlivé pro sledování těchto biomarkerů a že může být použito i pro 
stanovení HVA a VMA ve směsi. Získané meze detekce (LOD) byly 0,24 µmol·L
–1
 
pro HVA, 0,06 µmol·L
–1
 pro VMA a 0,12 µmol·L
–1
 pro 5-HIAA. 
Požadavky na zrychlení analýzy a zároveň snížení její ceny byly impulsem 
pro stanovení vybraných analytů v průtoku. Nejprve byla studována průtoková 
injekční analýza s amperometrickou detekcí pro stanovení všech tří biomarkerů  
na stejných SPCE, poté bylo podobné stanovení pro strukturně podobnější látky, 
HVA a VMA, v průtoku provedeno i na borem dopované diamantové elektrodě 
(BDDE). Po optimalizaci metod byly dosaženy následující LOD: s použitím SPCE 
0,07 µmol·L
–1
 pro HVA, 0,05 µmol·L
–1
 pro VMA a 0,03 µmol·L
–1
 pro 5-HIAA;  
s použitím BDDE 0,44 µmol·L
–1
 pro HVA a 0,34 µmol·L
–1
 pro VMA.  
Dále bylo studováno stanovení sledovaných biomarkerů v lidské moči 
metodou HPLC s amperometrickou detekcí na elektrodě ze skelného uhlíku. Po její 
optimalizaci a vyvinutí jednoduché předúpravy vzorků moči bylo úspěšně provedeno 
rychlé stanovení všech tří analytů v jedné analýze vzorku moči  
s LOD 11,0 µmol·L
–1
 pro HVA, 5,0 µmol·L
–1
 pro VMA a 8,3 µmol·L
–1
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This dissertation thesis has been worked out at the Department of Analytical 
chemistry, Faculty of Science at the Charles University within the framework of a long-
term research at the UNESCO Laboratory of Environmental Electrochemistry in Prague 
to develop sensitive and selective analytical methods applicable for the determination  
of biologically active organic compounds important from the medicinal, 
pharmaceutical, toxicological, and environmental point of view. 
The dissertation thesis presents results obtained in the last five years and it 
is based on following five scientific publications [1-5], which are attached as 
Appendix parts I – V (Chapters 7 – 11). To distinguish the references to these 
publications in entire text of this dissertation thesis, corresponding numbers in 
square brackets are in bold. 
[1]  A. Makrlíková, J. Barek, V. Vyskočil, T. Navrátil, Electrochemical 
methods for the determination of homovanillic, vanillylmandelic, 
 and 5-hydroxy-3-indoleacetic acid as cancer biomarkers (in Czech), 
Chem. Listy 112 (2018) 605–615. 
[2]  A. Makrlíková, E. Ktena, A. Economou, J. Fischer, T. Navrátil,  
J. Barek, V. Vyskočil, Voltammetric determination of tumor biomarkers 
for neuroblastoma (homovanillic acid, vanillylmandelic acid,  
and 5-hydroxyindole-3-acetic acid) at screen-printed carbon electrodes, 
Electroanalysis 29 (2017) 146–153. doi:10.1002/elan.201600534. 
[3]  A. Němečková-Makrlíková, F.-M. Matysik, T. Navrátil, J. Barek,  
V. Vyskočil, Determination of three tumor biomarkers (homovanillic 
acid, vanillylmandelic acid, and 5-hydroxyindole-3-acetic acid) using 
flow injection analysis with amperometric detection, Electroanalysis 31 
(2019) 303–308. doi:10.1002/elan.201800540. 
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[4]  A. Němečková-Makrlíková, T. Navrátil, J. Barek, P. Štenclová, A. 
Kromka, V. Vyskočil, Determination of tumour biomarkers homovanillic 
and vanillylmandelic acid using flow injection analysis  
with amperometric detection at a boron doped diamond electrode, Anal. 
Chim. Acta 1087 (2019) 44–50. doi:10.1016/j.aca.2019.08.062.  
 [5]  A. Němečková-Makrlíková, J. Barek, T. Navrátil, J. Fischer,  
V. Vyskočil, H. Dejmková, Determination of tumour biomarkers 
homovanillic acid, vanillylmandelic acid, and 5-hydroxyindole-3-acetic 
acid in human urine using HPLC with electrochemical detection – 
submitted to Journal of Electroanalytical Chemistry (2020). 
 
The dissertation thesis has been submitted as a contribution to the increasing 
demand for inexpensive methods for monitoring of tumour biomarkers in biological 
fluids which can be miniaturized and simplified even up to the point-of-care testing 
(bedside testing) [6].  
The use of electroanalytical methods is beneficial in the case of monitoring large 
numbers of samples on routine basis. The main advantage is low-cost instrumentation 
and running costs in comparison with separation and spectrometric techniques. 
Electroanalytical methods provide short time of analyses with sufficient sensitivity  
and selectivity and the possibility of miniaturization and automation [7].  
Tumour biomarkers are biological molecules found in biological fluids mostly 
used for screening population for the presence of tumours, especially in patients with 
increased risk of tumours (or other diseases). Screening of biomarkers can help  
to diagnose occurrence of a tumour and predict its future behaviour; monitor 
malignancy at the time of remission or response to a current therapeutic intervention  
[8, 9]. 
Tumour biomarkers could be determined in a variety of biological fluids 
including saliva, serum, plasma, blood, sperm, breath, and urine. Unlike other body 
fluids, urine analysis has several advantages. Sampling is non-invasive and repeated 
sampling is not a problem, moreover, it does not require medical auxiliary staff.  
The analytical advantage is lower urinary protein content and hence a sample with less 
interferents. However, urine volume is variable in certain time unit and may vary with 
water consumption, physiological, and external factors. Consequently, the concentration 
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of biomarkers in urine varies and normalization is required in most cases, typically 
normalization related to urine volume, osmolality, or creatinine concentration [10, 11]. 
With respect to the above mentioned facts, the main aim of presented 
dissertation thesis was the development of sensitive electrochemical methods for the 
determination of three important tumour biomarkers, namely homovanillic acid (HVA), 
vanillylmandelic acid (VMA), and 5-hydroxyindole-3-acetic (5-HIAA) at different 
electrode materials. Second aim was to test simultaneous determination of three 
analytes in human urine. Biomarkers were determined at disposable screen-printed 
electrodes (SPCEs) in batch [2] and in flow [3] arrangement, at boron doped diamond 
electrode (BDDE) in flow arrangement [4], and at glassy carbon electrode (GCE)  
in flow arrangement (combination with HPLC) [5]. 
Chapter 2  Overview of tested tumour biomarkers 
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2 OVERVIEW OF TESTED TUMOUR BIOMARKERS 
2.1 Analytes 
Homovanillic acid (HVA, 4-hydroxy-3-methoxyphenylacetic acid), 
vanillylmandelic acid (VMA, D,L-4-hydroxy-3-methoxymandelic acid),  
and 5-hydroxyindole-3-acetic acid (5-HIAA, 2-(5-hydroxy-1H-indol-3-yl)acetic acid) 
are well-known biomarkers of various diseases, including tumours. Biomarkers are 
biological molecules present in biological fluids or tissues, and represent pathological 
changes in human body, so monitoring of all changes ongoing in organism during  
the treatment is not only possible, but very easy. HVA and VMA are structurally related 
final products of catecholamine metabolism, HVA is a dopamine metabolite, VMA  
is an epinephrine (adrenaline) and norepinephrine metabolite. 5-HIAA is a breakdown 


















         HVA                                    VMA                               5-HIAA 
Fig. 1. Structural formulae of HVA, VMA, and HIAA 
HVA, VMA, and 5-HIAA are present in various biological matrices, most often 
they are determined in urine [14], blood plasma or serum [15-17], cerebrospinal fluid 
[18], and brain tissues [19, 20]. Urine is the most common matrix for the determination 
of HVA, VMA, and 5-HIAA, their reference urinary concentrations vary from 8.2  
to 41.0 µmol·L
–1
 for HVA, from 11.6 to 28.7 µmol·L
–1
 for VMA, and 17.8 to 58.3 
µmol·L
–1
 for 5-HIAA [21]. Blood plasma or serum could be alternative to determination 
of these analytes in urine [22, 23], although plasma concentration values are 
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approximately 400 times lower and urine collection is easier to handle and it is easier  
to obtain in large quantities. 
Non-physiologically high values of concentration levels of HVA, VMA,  
and 5-HIAA in biological fluids can indicate several diseases including tumours.  
Concentrations of HVA and VMA are increased at patients suffering 
neuroendocrine catecholamine-producing tumours; neuroblastoma [24, 25] and 
pheochromocytoma [26, 27]. Neuroblastoma is the most common malignant tumour  
in babies; it is typically seen in patients less than 5 years old. Neuroblastoma arises 
from sympathetic ganglion cells and it has wide range of symptoms. Metastases could 
occur in bones, liver or lymph nodes [28, 29]. Pheochromocytoma is in the most cases 
benign tumour of adults between 40 and 50 years of life. It arises from the chromaffin 
cells of the adrenal gland and can metastasize into lungs, bones, liver, and lymph nodes 
[30, 31]. 
Elevating urinary level of 5-HIAA is associated with carcinoid tumours. Many 
carcinoid tumours are asymptomatic, 30-40% of patients with tumours have carcinoid 
syndrome, which is manifestation of carcinoid tumours with syndromes including skin 
flushing, asthma like wheezing attacks, and diarrhoea. Tumours are rare in adult 
population, sometimes they can metastasize [32, 33].  
Measuring HVA, VMA, and 5-HIAA in biological fluids can be useful  
for the diagnosis not only of tumours. They are (individually or together) connected 
with schizophrenia [34], Parkinson’s disease [35], autism [36], Tourette syndrome [37], 
Menkes disease [38], suicide attempts [39], depression [40], and posttraumatic stress 
disorder [41].  
 
2.2 Methods of determination 
The determination of HVA, VMA, and 5-HIAA requires selective and sensitive 
analytical methods because of their similar structures and low concentration levels 
 in biological fluids. The most frequently used methods for the determination of all three 
mentioned biomarkers are HPLCs with different types of detection. The most common 
is electrochemical detection (ED) [42-46], e.g., amperometric [47] or coulometric [48], 
and extremely sensitive fluorescence detection [49-51], mostly after their derivatization 
[52, 53]. More sensitive and selective is chemiluminescence detection [54],  
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and the most sensitive and the most selective is mass spectrometric detection  
[16, 55-58].  
Other methods for the determination of HVA, VMA, and 5-HIAA are gas 
chromatography [59, 60], thin-layer chromatography [61, 62], immunoanalytical 
methods [63-65], spectrophotometry [66, 67], capillary electrophoresis [21, 68], often 
connected with amperometric detection [68, 69], micellar electrokinetic 
chromatography [70, 71], and isotachophoresis [72].  
An overview of the most recent trends in the quantification of biogenic amines 
as biomarkers in biofluids with special focus on liquid chromatography, gas 
chromatography, and capillary electrophoresis with various applications can be found  
in the review [73]. 
The above mentioned methods are mostly time consuming and require 
complicated instrumentation, therefore electrochemical arrangements and methods 
present a suitable alternative [74]. Beneficial features of the electroanalytical methods 
are simplicity and user-friendliness with sufficient sensitivity and selectivity. They are 
less expensive also because of negligible solvent consumption. Applicability  
of electrochemical methods for pharmaceutical and drug analysis is summarized in [75]. 
Special attention was devoted to voltammetric and potentiometric techniques, but also 
to the application of electrochemical detectors coupled with flow system. Potentiometric 
determination of biomarkers was also published in [76] as well as flow injection 
analysis with amperometric detection [3]. Electrochemical methods  
for the determination of HVA, VMA, and 5-HIAA focusing on the most common 
voltammetric and amperometric techniques are summarized in review [1]. 
 
2.3 Electrochemical oxidation of studied biomarkers 
Due to the presence of hydroxyl group on aromatic system, HVA, VMA,  
and 5-HIAA are electrochemically active and can be easily oxidized on various 
electrode materials [77].  
Even though HVA and VMA are structurally similar, their electrochemical 
behaviour is different. It was found that oxidation of VMA, e.g., at an edge-plane 
pyrolytic graphite electrode, basal-plane pyrolytic graphite electrode, or GCE using 
DPV, leads to the formation of vanillin, which is formed through decarboxylation  
of the molecule, and then can be oxidized at a higher potential connected with the 
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production of the o-quinone species and their oxidation to form a mixture of other 
products (Fig. 3). These two steps result in two distinct voltammetric peaks. HVA 
oxidation pathway is similar (Fig. 2), but due to slower speed of decarboxylation  
and rearomatization leading to the formation of vanillic alcohol, only one oxidation 














Fig. 3. Mechanism of the electrochemical oxidation of VMA [77] 
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In contrast, oxidation mechanism of 5-HIAA (Fig. 4) is slightly different  
and results in three voltammetric peaks. Electrochemical oxidation results  
in quinoneimine structure in which the C=O double bond (formed from the –OH group 
on the benzene ring) is conjugated with the C=N double bond (formed  
in the heterocyclic part of the molecule) [79]. 
 
Fig. 4. Mechanism of the electrochemical oxidation of 5-HIAA [79] 
 
According to [80], overall oxidation mechanism of 5-HIAA is complicated  
and voltammetric peaks correspond to irreversible reactions involving transfer of one 
electron and one proton.  
DPV peak positions and peak heights of studied biomarkers depend on pH, 
composition of the supporting electrolyte, and electrode material. Corresponding peak 
potentials are in the range from +1.2 V (VMA) or +0.9 V (HVA) on anodically oxidized 
BDDE to +0.6 V (VMA) or +0.3 V (HVA) on GCE. 5-HIAA is oxidized at lower 
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3 WORKING ELECTRODES AND TECHNIQUES  
3.1  Working electrodes used 
Three types of electrodes based on carbon (BDDE, GCE, and SPCE) were 
employed for determination of the discussed tumour biomarkers in this research. 
The attractiveness of carbon electrodes for electroanalytical chemistry stems 
from advantages such as wide potential window (usually a wider potential range 
 than in the case of solid metal electrodes), relatively chemical inertness, electrocatalytic 
activity for a variety of redox reactions, lower background oxidation currents, and low 
cost. Carbon has several allotropic forms, e.g., graphite, diamond, and fullerene.  
The enormous range of carbon materials (natural and synthetic) have been considered  
as variants of one or other of these allotropes [81, 82].  
3.1.1 Boron doped diamond electrode 
Unlike carbon with sp
2
 bonds, diamond’s structure is formed with sp
3
-bonded 
carbon. Diamond is valued for its properties such as extreme hardness and high 
mechanical stability, corrosion resistance, chemical inertness, high thermal 
conductivity, and optical transparency. Normally, diamond is electrically insulating,  
but due to its large bang gap (5.47 eV) it is wide band gap semiconductor and exhibits 
semimetallic to metallic behaviour upon doping it with certain elements. Boron is 
dopant in the most cases (results in formation of p-semiconductor). Nevertheless, 
phosphorus or nitrogen can be also used (resulting in n-semiconductor) [83, 84]. 
BDDE possesses unique features as compared to other solid electrodes,  
such as chemical inertness and corrosion resistance, microstructural stability at extreme 
anodic and cathodic potentials, low and stable background current, wide working 
potential window, low sensitivity to dissolved oxygen, and electrochemical stability  
in acidic and alkaline media. BDDE provides good response for many oxidizable and 
reducible compounds in voltammetric or amperometric determination. BDDE in most 
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cases resists to passivation and electrode fouling, which is stated in many reviews,  
e.g., in [81, 85-89] (nevertheless, this is not true in all cases). 
Electrochemical properties depend on the boron doped diamond structure 
involving boron doping concentration, content of sp
2
 impurities, and the electrode’s 
surface termination [90-92]. The BDDE surface could be hydrogen-terminated  
(H-terminated) or oxygen-terminated (O-terminated). The nonpolar H-terminated 
diamond surface shows hydrophobic tendency with negative electron affinity, high 
conductivity and low charge transfer resistance, whereas O-terminated diamond surface 
is hydrophilic with positive electron affinity, polar, and manifest lower electric 
conductivity. H-terminated surface can be easily changed to an O-terminated surface  
in several ways, e.g. by exposing the H-terminated surface to oxygen plasma, ozone 
treatment, wet chemical oxidation, exposure to high temperatures or electrochemical 
exposure to the high anodic potential [91-93]. 
Anodically and cathodically pretreated surface can increase sensitivity  
of the measurements at BDDE [94]. 
Anodic pre-treatment (based on application of the high positive potential directly 
in the measured solution) is very effective way of pre-treatment and in the case  
of passivation of the BDDE surface. This strategy for determination of HVA and VMA 
was used in [95]. 
Cathodic pre-treatment and activation of the electrode surface (applying the high 
negative potential in the measured solution) ensure lower limits of detection (LODs) 
and quantification (LOQs), sensitivity, reliable, and reproducible signals [96-98]. 
Cathodically pretreated BDDE was used for example for determination of vanillin [99]. 
Another possible cleaning step is mechanical polishing, usually performed  
by polishing the surface of the BDDE by alumina slurry and silk cloth [100, 101]. 
BDDEs are used for determination of wide range of oxidizable and reducible 
compounds, for example of neurotransmitters and their metabolites and precursors – 
determination of HVA and VMA is described in [95], determination of VMA in [102] 
and of dopamine in [103], phenolic compounds (hydroquinone) [104], pharmaceuticals 
and therapeutics [105, 106], food and beverage additives (including vanillin) [99, 107], 
and pesticides [108]. 
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In this research [4], working BDDE (D-517-SA, Ø 3 mm, Windsor Scientific, 
UK) was used for flow injection analysis (FIA) with amperometric detection. Working 
electrode was in a three electrode ―wall-jet‖ arrangement with reference Ag│AgCl 
electrode (3 mol·L
–1
 KCl, Elektrochemicke Detektory, Czech Republic) and with  
a platinum wire auxiliary electrode (Ø 0.5 mm, Monokrystaly, Czech Republic). BDDE 
was anodically activated and pretreated by applying potential  
of +2.4 V on the electrode (activation was carried out for 20 minutes before the whole 
series of measurements and the application of high positive potential for 30 second was 
done before each particular measurement to avoid the surface passivation). 
3.1.2 Glassy carbon electrode 
GCEs are the most commonly used carbon electrodes thanks to their excellent 
mechanical and chemical properties in particular wide potential range (approximately 
+1200 mV to −800 mV vs. saturated calomel electrode in acidic medium [109]), 
chemical resistance, gas-impermeability, low cost, and compatibility with most 
common solvents. They are commonly used in voltammetric, coulometric,  
and amperometric methods in aqueous and non-aqueous media with reproducible 
responses. These electrodes are characterized by high density and very small pore size 
[81, 82, 109, 110]. The surface of GCE suffers from contamination and loss of response 
due to electrode surface fouling, so the pre-treatment procedure should contain 
polishing. It could be performed by polishing on alumina particles on a smooth 
polishing cloth (widely used technique) or electrochemically (thermal) activation [82], 
or by their combination. 
GCE surface can be easily modified. Due to the above mentioned features bare or 
modified GCEs have been widely spread in electrochemistry in general, even  
in determination of HVA, VMA, and 5-HIAA [95, 111-115]. 
A commercially available GCE (Ø 3 mm, Metrohm, Switzerland) was employed 
for HPLC with amperometric detection [5] and FIA with multiple pulse amperometric 
detection [4] in a ―wall-jet‖ arrangement with a reference Ag│AgCl (3 mol·L
–1
 KCl, 
Monokrystaly [5]/ Elektrochemicke Detektory [4], Czech Republic) electrode,  
and a platinum wire auxiliary electrode (Ø 0.5 mm, Monokrystaly, Czech Republic). 
The surface of the working electrode was mechanically cleaned before each 
measurement by polishing with aluminium oxide suspense and then rinsing  
with deionized water. 
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3.1.3 Screen-printed carbon electrode 
 Screen-printed electrodes are very attractive analytical devices for rapid, 
inexpensive, sensitive, and selective detecting a wide range of analytes  
in electroanalytical chemistry. Nowadays is a tendency to replace conventional 
electrodes by SPEs due to their many advantages. They play important role  
in miniaturization of measuring devices (with low sample consumption) and could be  
a part of portable apparatus or point-of-care system with user-friendly and equipment-
free tests, where analyses are performed close to the patient. They are disposable,  
so they can eliminate contamination or biofouling [116, 117].  
Apart from medical and pharmaceutical diagnosis [118-120], screen-printed 
electrodes are applied for example in environmental assays [121-123] and in food 
analysis [124-126]. 
Screen-printed technology uses a woven mesh defining the geometry of the 
sensor. Electrodes usually contain a three-electrode configuration (working, reference, 
and counter electrode) printed in two ink layers on a solid substrate (mostly plastic  
or ceramic). At the end, a protective ink is printed on the top of these layers to insulate 
the conductive track. Most commonly used inks are silver ink for conductive track  
and carbon ink (consisting of graphite particles, polymeric binder and other additives) 
for working electrode [116, 127].  
The increasing interest in the use of green chemistry has given rise also  
to recycled and recyclable disposable electrodes where eco-friendly and sustainable 
materials, electrode modifiers, and alternative fabrication processes are suggested [128]. 
Apart from advantages of screen-printed technology as a design flexibility  
and process automation, the printed working electrodes enable a vast range of different 
combination in terms of electrode materials used (e.g. carbon, silver, platinum, gold) 
and its modification or altering the geometry of the electrode and used inks to improve 
selectivity and sensitivity towards determined analytes [129, 130]. Electrodes can  
be easily modified in several ways; in general, various substances can be deposited on 
the surface of the electrode (such as films, polymers, enzymes) or substances can  
be added into printing inks (e.g. metals, enzymes, polymers, complexing agents)  
[131-133]. Nanogold modified screen-printed carbon electrodes were used  
for simultaneous determination of dopamine and 5-HIAA [134].  
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In this research [2, 3] used commercially available screen-printed carbon 
electrodes (SPCEs, type DRP-110) were manufactured by DropSens, Spain. Working 
(Ø 4 mm) and counter electrodes were made of carbon; reference electrode was  
made of silver. All three electrodes were printed on a ceramic substrate  
(L33 × W10 × H0.5 mm). 
 
3.2 Electrochemical techniques used 
Electrochemical methods are for its advantageous properties routinely used  
for determination of wide range of biologically active compounds for variety  
of purposes, e.g., monitoring of harmful substances in environmental matrices  
or pharmaceuticals in human body and for studies of oxidation and reduction processes. 
Electrochemical detection in combination with spectrophotometric and chromatographic 
methods represents effective tool for the analysis of complex mixtures in various 
matrices [135-137]. 
Other features and applications of electroanalytical methods with proper 
references are mentioned in Paragraph 2.2. 
The following methods have been used to meet the objectives of presented 
dissertation thesis: cyclic voltammetry (CV) [4], differential pulse voltammetry (DPV) 
[2], flow injection analysis (FIA) with amperometric detection (AD) [3, 4] and multiple 
pulse amperometric (MPA) detection [4], and high performance liquid  
chromatography with electrochemical (amperometric) and spectrophotometric detection  
(HPLC-ED/UV) [5]. 
Cyclic voltammetry is usually used to investigate reduction and oxidation 
processes, reaction intermediates, and reaction products [138]. CV has been used in [4] 
for control of the BDDE surface after activation by high positive potential. 
In contrast, differential pulse voltammetry is a sensitive voltammetric method 
for determining trace amounts of analytes. DPV provides low LOD values  
at submicromolar concentrations because of suppressed background currents [139].  
Amperometric detection is used for the detection of electroactive compounds  
in flow-based analytical systems such as FIA, capillary electrophoresis, and liquid 
chromatography. A potential is applied between working and reference electrode. When 
solutes pass over the working electrode, an electrical current arises during oxidation  
or reduction of an electrochemically active substance. AD requires the control  
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of temperature, pH, and flow rate of the eluent [140, 141]. MPA detection uses multiple 
potential pulses on a single working electrode and monitors the current at several 
applied potentials, so it can detect different analytes in mixture simultaneously in one 
analysis or it enables prevent passivation (fouling) of the working electrode  
by the application of a cleaning potential pulses in the potential program [141]. 
In this dissertation thesis FIA in combination with AD, FIA in combination  
with MPA, and HPLC in combination with AD have been used. These combinations 
have been abundantly published for the determination of different compounds. 
Examples can be found in [142-146] for FIA with AD, in [147-151] for FIA with MPA, 
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4 RESULTS AND DISCUSSION 
4.1 Differential pulse voltammetric determination of homovanillic 
acid, vanillylmandelic acid, and 5-hydroxyindole-3-acetic acid  
at screen-printed carbon electrodes 
This part of research was aimed to development of a fast, simple,  
and inexpensive DPV method for the determination of the three tumour biomarkers  
at commercially available SPCEs (Appendix II) [2]. SPCEs are not only selective, 
sensitive, disposable (and thus prevent cross-contamination and passivation), and due  
to its mass production relatively inexpensive sensors, moreover, they are also fully 
complying with point of care concept and miniaturization in general.  
Firstly, differential pulse voltammograms of HVA in Britton-Robinson buffer 
(BRB) of pH 2.0 to 12.0 were measured. At pH 3.0 two well-developed peaks of HVA 
were formed, therefore, this pH value was selected as an optimum. Because of similar 
structure of VMA and HVA, optimum pH was found to be 3.0 as well. The peak  
of 5-HIAA at differential pulse voltammograms in alkaline media (pH >9.0) was not 
evaluable; on the contrary, in pH 3.0 two well-separated peaks of 5-HIAA were 
observed, therefore pH 3.0 was selected as optimum (Appendix II, Fig. 1 and 2) [2]. 
Subsequently, the dependences of the peak current on the analyte concentration 
were measured (Appendix II, Fig. 3, 4, and 5) in BRB (0.04 mol·L
–1
, pH 3.0) 
in concentration range from 0.1 to 100 µmol·L
–1
. At differential pulse voltammograms 
of HVA and VMA two significant peaks applicable to analytical purposes were 
observed. Three peaks occur for 5-HIAA, it is caused probably by its different structure 
and mechanism of electrochemical oxidation described in Paragraph 2.3. However, only 
the first peak was suitable for evaluation of calibration dependences. Evaluation  
of the other two peaks was more difficult and leading to less precise (correct) results. 
Dependences were linear in the whole tested concentration range and obtained LODs 
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Fig. 6 and 7 in Appendix II document an attempt to determine HVA and VMA 
in mixture. It is possible to find the peaks of HVA in the mixture where height is linear 
function of the concentration of HVA at constant concentration of the VMA and vice 
versa. Thus, DPV at SPCE can be used for the determination of the two biomarkers  








The findings of this study suggest that DPV at SPCE proved to be sensitive 
enough for monitoring of HVA, VMA, and 5-HIAA. With some proper preliminary 
separation and preconcentration, the newly developed method could be used even  
for monitoring and determination of tested biomarkers in various biological  
matrices [2].  
 
4.2 Flow injection determination of homovanillic acid, 
vanillylmandelic acid, and 5-hydroxyindole-3-acetic acid  
at screen-printed carbon electrodes 
 Monitoring of biomarkers requires easy automated method with short time 
analysis. FIA meets these criteria. Moreover, in combination with amperometric 
detection (AD) it is inexpensive analytical method with sufficient sensitivity necessary 
for clinical, pharmaceutical, and environmental analysis. Compared to conventional 
batch methods, FIA has some significant advantages such as ability to analyse high 
number of samples in time with low sample and reagent consumption.  
The purpose of this study was to investigate electrochemical behaviour  
of frequently monitored biomarkers, HVA, VMA, and 5-HIAA, and to develop methods 
for their determination using FIA-AD method at SPCE (Appendix III) [3]. To the best 
of my knowledge, FIA-AD for determination of HVA, VMA, and 5-HIAA had not been 
used yet. Combination of FIA and monolithic columns and chemiluminescence 
detection for determination of all three above mentioned biomarkers was published  
in [157] and [158], for FIA with chemiluminescence detection for VMA in [159].  
For FIA measurements, commercially available wall jet flow cell with SPCEs 
was used. Although SPCE are disposable, it was verified that up to 20 measurements 
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can be repeated at a single SPCE at micromolar concentrations of the tested analytes 
without problems with passivation. 
Parameters as flow rate of carrier solution, potential of detection, and pH  
of BRB used as a carrier solution had to be optimized in order to obtain the best results 
for the determination of HVA, VMA, and 5-HIAA. 
First of all, preliminary experiments with potassium ferrocyanide were made  
to optimize flow rate and to obtain general information about behaviour of an assembled 
FIA apparatus. Experiments leading to optimized parameters were tested  
in the following ranges: flow rate within 0.2 to 4 mL·min
–1
, working electrode  
potential within 0.1 V to 1.2 V, and pH of carrier solution (BRB, 0.04 mol·L
–1
)  
within 2.0 to 10.0. Injected volume was kept constant 20 µL. Calibration dependences 
were tested in the range from 10 to 1000 µmol·L
–1
. Optimum pH was found to be 3.0 
and optimum detection potential was +0.5 V. Afterwards, these experiments were 
performed also with tumour biomarkers. 
Optimized parameters for each biomarker were tested step by step in following 
ranges: flow rate within 0.5 to 2.5 mL·min
–1
, working electrode potential within 0.4 V 
to 1.2 V, and pH of carrier solution within 2.0 to 8.0. Dependences of the peak height 
on the potential of detection, on the flow rate, and on the pH for biomarkers are shown 
in Appendix III, in Fig. 1, Fig. 2, and Fig. 3. Optimum values are magnified; they were 
selected based on the highest possible peak height and the lowest relative standard 
deviation (RSDs).  
 Under optimum parameters for HVA, VMA, and 5-HIAA (flow rate 1 mL·min
–1
, 
detection potential +0.6 V for HVA and +0.8 for VMA and 5-HIAA, BRB (0.04 mol·L
–1
) 
at pH 2.0, current range 1-100 µA, injected volume 20 µL) calibration dependences 
were constructed. The measurements were repeated three times at each concentration  
in the concentration range 0.05-100 µmol·L
–1
. FIA recording of 5-HIAA (HVA  
and VMA are similar) are depicted in Fig. 4 in Appendix III [3]. 
In the tested concentration range, all dependences were linear with LODs  
0.065 µmolL
–1
 for HVA, 0.053 µmolL
–1
 for VMA, and 0.033 µmolL
–1
 for 5-HIAA, 
respectively, (calculated from peak heights), and 0.024 µmolL
–1
 for HVA,  
0.020 µmolL
–1
 for VMA, and 0.012 µmolL
–1
 for 5-HIAA, respectively (calculated 
from peak areas). In Table 3 in Appendix III, all figures of merit of the calibration 
straight lines are summarized. 
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This study has demonstrated for the first time that FIA-AD at SPCE presents  
a suitable technique for the determination of HVA, VMA, and 5-HIAA as frequently 
monitored biomarkers. Moreover, continuous flow in FIA method at SPCE was able  
to remove any potential interfering products by washing them away from the working 
electrode surface, thus minimize the risk of passivation, so no passivation or cross-
contamination was observed [3]. 
 
4.3 Flow injection determination of homovanillic acid  
and vanillylmandelic acid at boron doped diamond electrode  
The purpose of this part of research was to verify the applicability of FIA-AD  
at BDDE for determination of HVA and VMA and also to investigate this approach  
for the analysis of the mixture of HVA and VMA using BDDE (Appendix IV) [4]. 
HVA and VMA levels are useful to diagnose tumours and different diseases. 
Determination of one biomarker must be possible in the presence of the other one. 
Moreover, in some cases, the absolute values of HVA and VMA are not significant  
and HVA/VMA ratio is needed. In addition, HVA and VMA are structurally more 
similar compounds than 5-HIAA and for an attempt of determining them in the mixture 
using FIA-MPA more convenient. 
 Possibilities of the BDDE use in flow systems are discussed in [160]. 
Advantages of FIA arrangement were discussed in Section 4.2. BDDE was chosen  
due to its unique properties and also due to better compatibility with principles of green 
analytical chemistry in comparison with SPCE used in previous research [3]. BDDE can 
be used repeatedly many times. 
Prior to the measurements, BDDE surface was activated by applying high 
positive potential +2.4 V for 20 min in H2SO4 (0.5 µmolL
–1
) and then by CV in BRB 
(0.04 mol·L
–1
, pH 7.0 from –0.8 V to +2.3 V at scan rate 100 mVs
–1
. CV scans were 
repeated until CV curve was stable. Before each measurement, a potential +2.4 V  
for 30 sec was applied on the BDDE surface to eliminate passivation. 
AD was carried out at a constant potential. Optimum applied potential and pH 
were optimized in terms of recording hydrodynamic voltammograms of HVA and VMA 
in the range between +0.5 V to +1.7 V in the pH range from 2.0 to 7.0 in BRB, depicted 
in Appendix IV, Fig. 2. FIA-MPA assumes that at the potential of the first pulse only 
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first analyte (HVA) is oxidized and at the potential of the second pulse both analytes 
(HVA and VMA) are oxidized. Then FIA-MPA response of VMA can be calculated  
by subtraction of HVA response from total response (HVA + VMA) using a correction 
factor (ratio of FIA-MPA peak responses of HVA obtained at the first pulse potential 
(lower) and at the second pulse potential (higher) [151]. According to Fig. 2  
in Appendix IV, optimum pulse potentials were found to be +1.1 V for HVA  
and +1.5 V for VMA at pH 3.0. Similarly, the constant potentials +1.1 V for HVA  
and +1.5 V for VMA were found to be optimum for FIA-AD calibration dependences 
for individual analytes alone and for their mixture. A passivation of BDDE was 
observed, probably due to the adsorption of electrode reaction products on BDDE 
surface. Therefore, it was eliminated by applying cleaning potential prior each 
measurement (+2.4 V for 30 sec).  
In the next part of research, optimum injection volume and flow rate of BRB 
were sought. Injection volume was tested from 20 to 100 µL, 20 µL was chosen  
as optimum due to better elimination of passivation, sufficiently high signal, and lower 
sample consumption. According to previous results of FIA-AD determination of HVA 
and VMA at SPCEs, flow rate was set to 1 mL·min
–1
  [3]. Under these optimum 
conditions, 25 consequent measurements were done. Injections gave amperometric 
responses with RSDs lower than 4% for both analytes at concentration 100 µmol·L
–1
. 
Calibration dependences measured at optimum conditions were constructed 
when concentration of HVA was changed and concentration of VMA was constant  
and vice versa, in the concentration range from 1 to 10 µmol·L
–1
 , concentration of 
VMA (HVA) was 5 and 10 µmol·L
–1
 (Appendix IV, Fig. 3 and Fig. 4), in concentration 
range from 10 to 100 µmol·L
–1
 concentration of VMA (HVA) was 50 and 100 µmol·L
–1
 
(Appendix IV, Fig. 5 and Fig. 6). Calibration dependences were linear with LODs  
0.44 µmol·L
–1
 for HVA and 0.34 µmol·L
–1
 for VMA. Figs. 3-6 compare calibration 
dependences for HVA (VMA) alone and with additions of constant concentrations  
of VMA (HVA) and show a gradual linear increase in intercepts. All figures of merit  
of the calibration dependences are summarized in Appendix IV, Table 1 [4]. 
FIA-MPA enables simultaneous determination of compounds with sufficiently 
different oxidation potentials. Pulses are altering optimum potentials selected for each 
analyte from hydrodynamic voltammograms. At pulse potential +1.1 V (optimum  
for HVA) the signal of HVA is high with only small contribution of VMA while  
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at pulse potential +1.5 V signal of VMA is at its maximum level. Various pulse widths 
(50 to 150 ms) were tested with no significant differences, so pulse width 100 ms  
was used as an optimum. At measurements alternating pulses of +1.1 V, +1.5 V were 
used with cleaning pulse +2.2 V (lower than in the case of amperometric detection,  
but sufficient enough). Other conditions were the same as in the case of amperometric 
detection. Calibration dependences consisted of varying concentration of HVA or VMA 
(10, 20, 40, 60, 80, and 100 µmol·L
–1
) and 100 µmol·L
–1
 of the other biomarker.  
FIA-MPA calibration dependence of HVA in the presence of 100 µmol·L
–1
 of VMA  
in each solution can be seen in Fig. 8. Peak heights of HVA should be linearly 
increasing with increasing HVA concentration and peak heights of VMA should  
be constant due to constant concentration of VMA. However, calibration dependence  
of HVA was not linear and VMA at constant concentration had increasing tendency. 
Under the same conditions, FIA-MPA calibration dependence for HVA without 
addition of constant concentrations of VMA into solutions and also VMA  
at 100 µmol·L
–1
 separately in the absence of HVA was constructed. In that case,  
the calibration dependence was linear and amperometric signals of VMA at constant 
concentration were reproducible.  
This shows that FIA-MPA cannot be used for the determination of HVA  
and VMA in a mixture simultaneously. Presumably, that is because of a mutual 
interaction of analytes and/or products of their electrochemical oxidation with each 
other or with the parent compounds. This conclusion was supported by the same 
experiments performed also on electrodes from different materials; SPCE (type DRP-
110, DropSens, Spain) and a GCE (Ø 3 mm, Metrohm, Switzerland) with similar 
negative results for FIA-MPA, moreover, with stronger passivation which could not  
be eliminated by several tested methods usually used. 
The results of this study indicate that the newly developed method  
for the determination of HVA and VMA using FIA with amperometric detection  
at BDDE has sufficient precision, sensitivity, and short time of analysis. FIA-AD  
at BDDE provides linear calibration dependences in wide concentration range. HVA 
can be determined in the presence of VMA and vice versa using FIA-AD, nevertheless, 
FIA-MPA was not applicable for the determination of the mixture of them, probably 
due to interaction of products of electrochemical reaction and initial analytes [4]. 
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4.4 HPLC of homovanillic acid, vanillylmandelic acid,  
and 5-hydroxyindole-3-acetic acid using amperometric  
and spectrophotometric detection 
Even though HPLC is common method for the determination of urinary HVA, 
VMA, and 5-HIAA used in clinical laboratories, this research is devoted  
to determination of these biomarkers by HPLC-ED (Appendix V) [5]. In articles 
published so far, for example in review [1], only few of them allow simultaneous 
determination of all three biomarkers. In addition, they require expensive 
instrumentation and complicated sample pre-treatment leading to quite time-consuming 
analyses. Due to the mentioned facts, the aim of this work was to develop fast, simple, 
and inexpensive analytical method for simultaneous determination of the three tumour 
biomarkers in urine employing HPLC with AD without complicated and time-
consuming sample pre-treatment. 
Measurements were performed at a commercially available GCE in a simple lab-
made wall-jet arrangement. The surface of the working electrode was mechanically 
polished prior to each measurement with aqueous slurry of alumina powder to eliminate 
passivation. For the purposes of comparison, apart from electrochemical detection  
the spectrophotometric one was carried out. 
Before dosing biological samples into HPLC column appropriate sample pre-
treatment is required to avoid its damage due to many organic compounds present 
in the sample. Partial sample clean up can also improve the HPLC part  
of the determination, especially in the case of relatively polar compounds, which  
is the case of studied biomarkers. Therefore, solid phase extraction (SPE)  
at commercially available poly(styrene-divinylbenzene) based SPE columns (LiChrolut 
EN 200 mg 3 mL standard PP-tubes; Merck Millipore, Germany) were chosen  
as a simple and straightforward technique, much faster and more „green― than 
previously used and published liquid-liquid extraction. 
Firstly, pilot experiments were carried out using partly adopted chromatographic 
conditions from [161] where HPLC-ED was successfully used for determination  
of HVA and VMA alone. The mobile phase consisted of a mixture of acetate-phosphate 
buffer at pH 2.5 using gradient with linearly increasing content of acetonitrile  
from 5 to 25% in 10 minutes. Optimum flow rate was 1 mL·min
–1
, detection potential 
+1.1 V, and injected volume 20 µL. Spectrophotometric detection was performed  
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at 279 nm. Under these optimum conditions, analytes were well separated in less  
than 10 minutes (Appendix V, Fig. 2). Calibration dependences were linear in the whole 
tested concentration range from 0.5 to 10 µmol·L
–1
 and obtained LODs were  
0.2 µmol·L
–1
 (HVA), 0.3 µmol·L
–1
 (VMA), and 0.3 µmol·L
–1
 (5-HIAA) for HPLC-ED 
(Appendix V, Table 1) and 0.2 µmol·L
–1
 (HVA), 0.6 µmol·L
–1
 (VMA),  
and 0.3 µmol·L
–1
 (5-HIAA) for HPLC-UV (Appendix V, Table 2). Molar absorptivity 




 for HVA, VMA, and 5-HIAA, 
respectively, which explains higher slope of HPLC-UV dependence of 5-HIAA. Higher 
slope may also result from slightly different structure, specifically in the heteroaromatic 
region resulting in higher amperometric response. 
Prior to measurements with human urine, SPE procedure was optimized  
and tested. In the used optimized procedure SPE columns were activated with 5 mL  
of methanol, washed with 1 mL of deionized water and then dried by sucking air 
through it for 30 seconds using vacuum. During the whole procedure flow rate was kept 
at 1 mL·min
–1
. Spiked urine samples (5 mL) consisting of 10% acetic acid and 50%  
of deionized water (due to added spikes of aqueous solutions of tested analytes) were 
loaded onto the column. The column was rinsed by 1 mL of deionized water and dried 
by sucking air for 30 seconds using vacuum. Analytes were eluted by 5 mL of methanol 
and 20 µL of thus obtained eluate were directly injected into HPLC system. SPE was 
used only as a preliminary separation method, it can be used for preconcentration  
as well, nonetheless, it is unnecessary when we consider relatively high concentration  
of studied analyte in urine (tens of µmol·L
–1
) combined with relatively high sensitivity 
of the newly developed HPLC-ED method with LODs in this concentration region. 
HPLC-ED and HPLC-UV chromatograms of human urine alone and after 
standard addition (1 mL of 1 mmol·L
–1
 stock solution of each analyte) into a urine 
sample  acidified with 10% of acetic acid (final concentrations of analytes were  
100 µmol·L
–1
 and total volume of the spiked urine samples was 10 mL) are depicted  
in Appendix V, Fig. 3. From the picture, it can be seen that 100 µmol·L
–1 
of any  
of the analytes can be safely detected and even 50 µmol·L
–1
 for HPLC-ED (from 
the inset in Fig. 3A) are distinguishable.   
Solution samples for construction of calibration curves were prepared from 4 mL 
of urine, 1 mL of glacial acetic acid. 0.2 – 1.5 mL of the 1 mmol·L
–1
 stock solutions  
of biomarkers were pipetted into 10 mL volumetric flask and filled up with deionised 
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water prior to the SPE. Calibration dependences were constructed under optimum 
conditions in concentration range 20 to 150 µmol·L
–1
 and they were linear in this range 
(Appendix V, Fig. 4), with achieved LODs 11.0 µmol·L
–1
 (HVA), 5.0 µmol·L
–1
 
(VMA), and 8.3 µmol·L
–1
 (5-HIAA) for HPLC-ED, respectively, (Appendix V,  
Table 1) and 13.9 µmol·L
–1
 (HVA), 72.9 µmol·L
–1
 (VMA), and 13.1 µmol·L
–1
  
(5-HIAA) for HPLC-UV, respectively (Appendix V, Table 2). 
Lower concentrations of tested biomarkers (0.5 to 10 µmol·L
–1
) were difficult  
to evaluate due to interfering peaks of substances present in urine. Nevertheless,  
if necessary, SPE could be used for preconcentration to reach this concentration range. 
In this case it is not necessary if we consider urinary concentration of the HVA, VMA, 
and 5-HIAA of healthy people at concentration level of tens of µmol·L
–1
. Table 1  
and Table 2 in Appendix V summarized all figures of merit from all calibration 
dependences. Slopes of the calibration dependences are lower than those  
of dependences measured using solutions in buffer alone and LODs are logically higher 
in urine than in pure buffers because of interfering peaks. LODs of HPLC-UV are 
higher than those of HPLC-ED due to larger and more numerous interfering peaks 
connected with higher selectivity of amperometric detection.  
The practical applicability of the newly developed HPLC-ED method was tested 
by determining concentration of HVA, VMA, and 5-HIAA in spiked human urine using 
calibration curve method. Significant interferences were not observed in HPLC-ED  
and concentration found in non-spiked urine corresponds with previously published 
physiological urinary concentrations of HVA, VMA, and 5-HIAA (Appendix V,  
Table 3) [5]. 
In the last experimental part of presented dissertation thesis, fast and sensitive 
method for determination of HVA, VMA, and 5-HIAA in human urine in one analysis 
is presented. The proposed method is cheaper due to simple SPE pre-cleaning step than 
previously published methods and, therefore, it can be used for easy and low-cost 








The presented dissertation thesis represents a contribution to the development  
of sensitive electrochemical methods for the determination of HVA, VMA, and 5-HIAA 
as biomarkers of various diseases, including tumours.  
Therefore, the need of frequent monitoring of such important biomarkers should 
be raised to the highest priority which is supporting by increased demand  
for inexpensive and simple method applicable for monitoring and point-of-care testing 
of above mentioned biomarkers in biological fluids. Electroanalytical methods fulfil 
requirements on reliable, sensitive, short time of analysis, and relatively low-cost 
instrumentation and running cost. 
Experimental work was focused on electrochemical behaviour and determination 
of HVA, VMA, and 5-HIAA at different electrode materials. Subsequently,  
the attention was paid to simultaneous determination and determination of biomarkers 
in human urine. 
First part describes successful development of differential pulse voltammetry 
employing screen-printed carbon electrodes for the determination of HVA, VMA,  
and 5-HIAA in a batch arrangement. At voltammograms of biomarkers in BRB  
at pH 3.0 two peaks for HVA and for VMA and three peaks for 5-HIAA can be seen, 
which can be explained by their different structures and mechanism of electrochemical 
oxidation. Linear calibration dependences provide LODs amounted to 0.24 µmol·L
–1
  
for HVA, 0.06 µmol·L
–1
 for VMA, and 0.12 µmol·L
–1
 for 5-HIAA. An attempt  
to determine HVA and VMA in mixture was successful as well. It was possible to find 
peaks of HVA or VMA in the mixture where the peak height was linear function  
of the concentration of one biomarker at constant concentration of the other one. 
For monitoring of biomarkers, flow systems have more advantages  
in comparison with batch arrangements, such as ability to analyse high number  
of samples in short time and the related low sample and reagent consumption.  
The second part therefore deals with flow injection determination of HVA, VMA,  
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and 5-HIAA at screen-printed carbon electrodes in BRB. Linear calibration 
dependences obtained under optimum conditions offer LODs as follows: 0.07 µmol·L
–1
 
for HVA, 0.05 µmol·L
–1
 for VMA, and 0.03 µmol·L
–1
 for 5-HIAA, respectively. 
Continuous flow in flow injection analysis at SPCE was able to eliminate passivation 
due to washing any potential interfering products away from the working electrode 
surface.  
FIA appears as a suitable method for determination tumour biomarkers. 
Consequently, flow injection determination of HVA and VMA at BDDE was 
investigated. HVA and VMA were chosen due to requirements for their simultaneous 
determination, for example in the case of diagnosis of neuroblastoma. Method  
for the determination of HVA and VMA using flow injection analysis with 
amperometric detection in BRB at BDDE was successfully optimized. Calibration 
dependences were linear for HVA in the presence of VMA and vice versa. Achieved 
LODs were 0.44 µmol·L
–1
 for HVA and 0.34 µmol·L
–1
 for VMA. This approach was 
studied for the simultaneous determination of HVA and VMA using flow injection 
analysis with multiple pulse amperometric at BDDE, SPCE, and GCE. However,  
the concept of FIA-MPA was not applicable for determination of HVA and VMA 
in the mixture, probably due to interaction of analytes and/or products of their 
electrochemical oxidation. 
Last part of this dissertation thesis introduced HPLC with amperometric 
detection in human urine at GCE in lab-made wall-jet detector as a simple, sensitive  
and cheaper method than previously published methods for simultaneous determination 
of HVA, VMA, and 5-HIAA. As a simple and fast preliminary separation method solid 
phase extraction was used. Obtained LODs were 11.0 µmol·L
–1
 for HVA, 5.0 µmol·L
–1
 
for VMA, and 8.3 µmol·L
–1
 for 5-HIAA. 
Methods for the determination of HVA, VMA, and 5-HIAA separately  
and in the mixture were presented. It was proved that they can be determined even  
in human urine with appropriate pre-separation. Thus, it can be concluded  
that amperometric and voltammetric methods are suitable for determination  
of tumour biomarkers, HVA, VMA, and 5-HIAA.  
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7 APPENDIX I 
Elektrochemické stanovení homovanilové, vanilmandlové a 5-hydroxy-
3-indoloctové kyseliny jako biomarkerů nádorových onemocnění 
 
(Electrochemical methods for the determination of homovanillic, 
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8 APPENDIX II 
Voltammetric determination of tumor biomarkers for neuroblastoma 
(homovanillic acid, vanillylmandelic acid, and 5-hydroxyindole-3-
acetic acid) at screen-printed carbon electrodes 
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9 APPENDIX III 
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